TiO 2 thin films were grown by an atomic-layer-deposition process at growth temperatures ranging from 200 to 300°C on Ru and Si substrates using Ti͓OCH͑CH 3 ͒ 2 ͔ 4 and H 2 O as metal precursor and oxygen source, respectively, for metal-insulator-metal capacitor application in dynamic random access memories. The saturated film growth rate on Ru and Si substrates was 0.034 and 0.046 nm/cycle, respectively. The TiO 2 film growth on a Ru substrate showed a rather long incubation period and the incubation period decreased with increasing Ti͓OCH͑CH 3 ͒ 2 ͔ 4 pulse time, whereas the H 2 O pulse time had almost no influence on the incubation period. A growth rate transition, from low to high values, ͑thickness 7-8 nm͒ was observed when the films were grown at temperatures Ͼ250°C, whereas the films grown at lower temperatures did not show the transition. The transition was due to the structural change of the film from an amorphous/nanocrystalline to the well-crystallized polycrystalline anatase phase. The TiO 2 films grown at temperatures Ͼ250°C showed a dielectric constant of ϳ35. A 14-nm-thick TiO 2 film showed an equivalent oxide thickness of 1.7 nm and a leakage current density of 5 ϫ 10 −6 A/cm 2 at 1 V. As the density of dynamic random access memories ͑DRAM͒ increases over 1 GB, the fabrication of capacitors having a cell capacitance high enough to meet the refresh requirement becomes very difficult because of the extremely small cell sizes. If the required capacitance of a DRAM cell is assumed to remain at 25 fF for a DRAM with a 50 nm design rule, a dielectric film with an equivalent oxide thickness ͑t oxeq ͒ of ϳ0.5 nm is necessary for a cylindrical capacitor structure.
As the density of dynamic random access memories ͑DRAM͒ increases over 1 GB, the fabrication of capacitors having a cell capacitance high enough to meet the refresh requirement becomes very difficult because of the extremely small cell sizes. If the required capacitance of a DRAM cell is assumed to remain at 25 fF for a DRAM with a 50 nm design rule, a dielectric film with an equivalent oxide thickness ͑t oxeq ͒ of ϳ0.5 nm is necessary for a cylindrical capacitor structure. 1 Obtaining t oxeq of ϳ0.5 nm from a capacitor dielectric is very difficult even with very high dielectric constant ͑k͒ thin films, such as ͑Ba,Sr͒TiO 3 ͑BST͒ when the top or bottom electrode consists of conventional polycrystalline Si. This is due to the inherent formation of an interfacial low dielectric layer by Si oxidation and a rather large charge screening length of the Si even when the impurity doping concentration of the polycrystalline Si increases, reaching the solubility limit ͑Ͼ10 20 cm −3 ͒. Therefore, metal-insulator-metal ͑MIM͒-type capacitors with higher-k dielectric films become crucial for the production as the DRAM feature size gets close to 50 nm. The most probable metal for the capacitor electrode is Ru. The reason for this is the rather matured chemical vapor deposition ͑CVD͒ process on Ru thin films, which results in a reasonable conformality over the severe three-dimensional geometry of the DRAM capacitor, easy etching, and the property of hindering oxidation or forming a conducting oxide. The conformal deposition and fine patterning of a noble metal electrode have been realized only for the case of Ru. 2, 3 Recently, the atomic layer deposition ͑ALD͒ of Ru films has been increasingly focused because the ALD process offers an even better conformality than the CVD process.
There have been many reports on the growth and characterization of high-k dielectric films for DRAM capacitors. [4] [5] [6] [7] [8] The most promising material for high-k thin films is BST because of its superior dielectric constant ͑Ͼ300 at a thickness of ϳ30 nm͒ compared to other binary metal oxide films. 9 However, the adoption of BST films to DRAMs has been hampered by difficulties in the metallorganic chemical vapor deposition ͑MOCVD͒ process, limited precursors for Ba and Sr, and nonuniform cation stoichiometry over the contact hole structured capacitors when the hole diameter is Ͻ150 nm. 10 Therefore, it is necessary to develop a capacitor dielectric material that has a simpler structure than BST, a high-k value, and a low process temperature ͑Ͻ500°C͒. The low process ͑depo-sition and postannealing͒ temperature is required to hinder the Ru bottom electrode from degradation.
In this regard, TiO 2 is a promising material because it has an exceptionally high k value ͑170 along the c axis and 90 along the a axis for the rutile phase͒ 11 among the binary metal oxides. Furthermore, there are many good alkoxide-based metallorganic ͑MO͒ precursors for Ti for the CVD and ALD processes of TiO 2 films. It is believed that the ALD process should be the process of choice for the deposition of DRAM capacitor dielectrics considering the extreme three-dimensional geometry of the capacitor with the design rule of 50 nm. The expected aspect ratio of the cylinder structured capacitor is Ͼ1:15, and it is believed that the MOCVD can hardly offer sufficient conformality of the TiO 2 film for this kind of geometry.
ALD is characterized as having a unique self-limiting deposition mechanism which can produce an extremely good step coverage over a contact hole even with an aspect ratio of 1:40. 12 The problem related with the relatively slow growth rate of an ALD process may not seriously limit its application to the DRAM capacitor process considering the small thickness required ͑ϳ10 nm͒.
Aarik et al. recently reported TiO 2 film growth by ALD using Ti-alkoxides or inorganic TiCl 4 as Ti precursor and H 2 O as oxygen source. [13] [14] [15] They reported the structural evolution of the films in a rather thick thickness range ͑100-120 nm͒, which is certainly not suitable for DRAM capacitor dielectrics, and its influence on the ALD mechanism. Also, their study was limited to a Si substrate. Aarik et al. also reported the ALD of TiO 2 film using the TiI 4 as the precursor. 16 However, as mentioned earlier, the understanding of the ALD behavior of TiO 2 films on a Ru electrode in a thickness range Ͻ20 nm is crucial for the application of the dielectric in DRAM capacitors. Therefore, in this study, the ALD process of TiO 2 films on Ru, as well as on Si substrates was investigated using Ti͓OCH͑CH 3 ͒ 2 ͔ 4 ͑TTIP͒ and H 2 O. The growth behavior at the early stage was carefully studied considering the small thickness of the capacitor dielectric. The electrical properties of the films were also characterized. Among the various precursors of Ti, TTIP was used as the Ti source. The other commonly used Ti precursor, TiCl 4 , may result in Cl-contamination in the grown films. In addition, the reaction by-products from the ALD using H 2 O oxidant, mainly HCl, corrode the hardware. TTIP has a high enough vapor pressure and a relatively high thermal decomposition temperature ͑300°C͒ compared to other Ti metal alkoxides, such as methoxide, ethoxide, and buthoxide.
Experimental
TiO 2 films were deposited using a 4-in.-wafer scale travelingwave type ALD reactor ͑Ever-tek. Co, Plus-100͒ on a bare-Si͑100͒ wafer and a sputtered Ru ͑50 nm͒/CVD SiO 2 /Si wafer at a wafer temperature ranging from 200 to 330°C. The native oxide layer on the Si wafer was not removed prior to the film growth. The wafer temperature was calibrated using a thermocouple wafer and the estimated temperature difference between the bare Si and Ru-sputtered wafer was negligible in this temperature region.
The Ti precursor ͑TTIP͒ and oxygen source ͑H 2 O͒ pulse durations were varied in order to confirm the genuine ALD reaction. TTIP and H 2 O were vaporized at 62 and 14°C, respectively, and no carrier gas was used to deliver the MO precursor and H 2 O. The precursor and H 2 O supplies were controlled by changing the valve opening time. The MO gas line temperature was maintained at 125°C. Ar gas was used as purge gas between each chemical pulse. The Ar gas purge time was also varied and the film thickness variation with the increase in the purge time was monitored. It was found that the film thickness decreases with increasing Ar gas purge time and saturates to a certain value after a saturation purge time of approximately 5 and 15 s for the TTIP and H 2 O pulses, respectively. Therefore, the TTIP and H 2 O purge times were fixed at 5 and 15 s, respectively. It was noted that the purge out of excessive H 2 O from the growing film surface took a longer time as the growth temperature ͑T g ͒ decreased. Fifteen seconds were just long enough for a T g , of 200°C and a shorter purge time was required for the case of a higher T g , but a common H 2 O purge time of 15 s was adopted in this research for consistency of the experiments.
The film thickness was measured by a single wavelength ellipsometer which was calibrated by spectroscopic ellipsometry and cross-sectional high-resolution transmission electron microscopy ͑HRTEM͒. Since the Si substrates have native oxide, the thickness of the layer of each substrate was measured just before the film growth and this value was extracted from the total thickness. The amount of the deposited material was estimated using X-ray fluorescence spectroscopy ͑XRF͒. The characteristic X-ray intensities of Ti were measured and converted to the mass thickness ͑g/cm 2 ͒ under the assumption that the layer is composed of TiO 2 in the anatase crystal structure. The penetration depth of the incident X-ray and characteristic X-ray of Ti was ӷ a few micrometers, so that the error in the layer density measurements with a varying number of deposition cycles in these experiments was negligible. The surface morphology and chemical composition into depth direction were investigated by atomic force microscopy ͑AFM͒ and Auger electron spectroscopy ͑AES͒, respectively. The crystalline structure of the film was investigated using glancing angle X-ray diffraction ͑GAXRD͒.
For the electrical measurements, Pt/TiO 2 /Ru planar capacitor structure was used. The top Pt electrode was deposited by electron beam evaporation using a shadow mask ͑circular electrode diameter of 250 m͒. The top electrodes were postannealed at 400°C under N 2 /O 2 ͑5%͒ for 30 min. The dielectric and leakage current properties were measured using the Hewlett-Packard 4194 impedance analyzer at 10 kHz and the 4140B picoammeter, respectively.
Results and Discussion
In general, a proper T g region should be determined for a successful ALD using MO precursors. A too high T g thermally decomposes the MO precursor that results in a CVD process, whereas a too low T g produces films with a high impurity concentration, such as residual carbon and water, and a high defect density. Figure 1 shows the variation in the growth rate of TiO 2 films ͑thickness increase per cycle͒ with the variation in T g when the TTIP and H 2 O feeding times were 0.5 and 0.2 s, respectively. Here, the growth rates were decided from the slopes of the graphs that reveal the film thickness variation with the number of process cycle at each T g . Therefore, the data shown in Fig. 1 are free from any potential influence from the presence of interfacial layers ͑for Si substrate͒ or incubation periods ͑for Ru substrate͒. It can be observed that the growth rate of the TiO 2 film increases from 0.034 to 0.046 nm/cycle with increasing T g from 200 to 300°C, probably due to the increased number of surface adsorption sites or activated surface chemical reaction with increasing T g . Aarik et al. also showed that the ALD rate of TiO 2 film depends on the growth temperature using the TiI 4 as the precursor. Their growth rates ͑0.06 to 0.2 nm/cycle͒ were rather higher than that reported here probably due to the different precursor. 16 It should be noted that the ALD mechanisms were confirmed in this T g range by observing the saturated film growth rate with increasing TTIP pulse time, as discussed in Fig. 2  and 3 . When T g increases to 330°C, the film growth rate abruptly increases, suggesting that the deposition process begins to show CVD behavior due to the thermal decomposition of TTIP at this T g . 
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This is in accordance with the thermal-decomposition onset temperature of TTIP reported by Kosola et al. 17 It was also found that the film growth rate on a Si substrate is slightly larger than that on Ru substrates. The Ru substrates showed a rather long incubation period, suggesting the difficult chemical adsorption of TTIP on Ru substrates, as discussed in Fig. 3 . However, this effect did not influence the data shown in Fig. 1 , as discussed earlier, so that the slightly larger film growth rate on Si compared to Ru must originate from a certain difference in the film structures on both substrates. Further study is required for understanding this phenomenon. Figure 2 shows the variation of the TiO 2 film thickness as a function of the TTIP pulse time on Ru electrode when T g , the number of deposition cycles ͑n cy ͒, and H 2 O pulse time were 200°C, 100, and 0.2 s, respectively. Contrary to the usual ALD, where the growth rate saturates after a certain pulse time of precursor due to the saturated surface by the chemisorbed precursors, the growth rate here almost linearly increases with increasing pulse time. A similar behavior is usually observed if the precursor thermally decomposes. However, this was not the case as shown by Fig. 3 . Figure 3a shows the variation of the film thickness as a function of n cy with different TTIP pulse times on a Ru substrate when T g was 200°C. The slopes and the extrapolated x-axis intercepts of each graph correspond to the growth rate and incubation period, respectively, at each TTIP pulse time. The variation in the growth rate and incubation period as a function of the TTIP pulse time is plotted in Fig. 3b . The growth rate shows a constant value of 0.034 nm/cycle irrespective of the TTIP pulse times ranging from 0.5 to 3 s. When the time was too short, i.e., Ͻ0.5 s, the growth rate was smaller due to the undersaturated surface, and when it was too long, i.e., Ͼ3 s, some physisorbed TTIP molecules remained on the growing surface under the given purging step ͑5 s of Ar pulse͒ and a higher growth rate was obtained. The films grown on the Si substrate show a saturated growth rate value of 0.046 nm/cycle when the TTIP pulse time Ͼ2 s.
An interesting behavior was found from the variation in the incubation period with the variation in the TTIP pulse time. The incubation period was quite long ͑33 cycles͒ when the TTIP pulse time was short ͑0.5 s͒ but it linearly decreased with increasing TTIP pulse time and became negligible when the time was 4 s. The incubation period on Si substrates was negligible in the whole TTIP pulse time range. Therefore, the increasing film thickness with increasing TTIP pulse time shown in Fig. 2 was due to the decreasing incubation period with increasing TTIP pulse time.
The presence of a rather long incubation period for the cases of a short TTIP pulse time and the fact that the incubation period decreases with increasing TTIP pulse time suggest that the chemical adsorption of TTIP on the Ru surface is not favorable compared to that on the SiO 2 /Si surface. Further research is required for a better understanding of the surface states of the adsorbed TTIP molecules on the Ru surface. On the contrary, a variation in the H 2 O pulse time had negligible influence on the incubation period of the film growth on Ru when the TTIP pulse time was 2 s ͑data not shown͒. This suggests that the chemical adsorption of water on Ru is favorable but the adsorption of TTIP on Ru even with the previously adsorbed H 2 O is hampered by the Ru substrate. The reason is not clearly understood yet. Figure 4a and b show the variation in the TiO 2 thin film thickness as a function of n cy at various T g ͑200, 225, 250, and 275°C͒ on Si and Ru substrates, respectively, measured by ellipsometry. When T g was Ͻ250°C the film thickness linearly increases with n cy in the whole experimental range. However, when T g Ͼ 250°C there were film thickness transition points ͑t tr ͒, which are 7-8 and 6-7 nm on Si and Ru substrates, respectively, where the growth rate of the films abruptly changed. When the film thickness was above t tr , the growth rate was approximately 3-4 times larger than that when the film thickness was below t tr . The film growth rates shown in Fig.  1 at the various T g were measured when the film thicknesses were Ͻt tr for the high T g cases. It can also be observed that a higher t tr ͑ϳ15 nm͒ was obtained for the films grown at 225°C on the Ru substrates. The measurements by ellipsometry can result in a serious error in the thickness value if the surface roughness increases. As shown by AFM later, the surface roughness of the TiO 2 films with thicknesses Ͼt tr abruptly increased compared to that of the films with thicknesses Ͻt tr . Therefore, the variations in the mass thickness of the deposited films as a function of n cy at a T g of 250°C were measured by XRF and the results are compared with the ellipsometry results as shown in Fig. 5 . Figure 5 clearly shows that the occurrence of t tr is certainly not a measurement artifact.
In order to examine the reason for this phenomenon, GAXRD, HRTEM, and AFM analysis of the samples with thicknesses smaller and larger than t tr were performed. Figure 6 shows the GAXRD patterns of the TiO 2 films with thicknesses of 5, 12, and 34 nm grown on Ru substrates when T g was 250°C. The TiO 2 film with a thickness Ͻt tr ͑5 nm ͒ does not show any diffraction peaks, whereas the thicker films with thicknesses Ͼt tr clearly show the crystalline anatase TiO 2 peaks.
The thickness-dependent crystallization behavior was also investigated by HRTEM. Figures 7a-d show the cross-sectional HRTEM pictures of the 5-, 10-, 12-, and 57-nm-thick TiO 2 films, respectively, grown at 250°C on Si substrates. Inset figures in ͑b͒ and ͑d͒ show the enlarged images of the TiO 2 film regions indicated by arrows. The 5-nm-thick film certainly shows an amorphous microstructure of the films, whereas the thicker films ͑Ͼ12 nm͒ show 
C554
Journal of The Electrochemical Society, 152 ͑8͒ C552-C559 ͑2005͒ C554 crystalline structure. The 10-nm-thick TiO 2 film contains some amorphous material. Therefore, it can be considered that the occurrence of t tr is related to the crystallization behavior of the TiO 2 films. Figure 8a shows the GAXRD patterns of the TiO 2 films grown at a T g of 200, 225, 250, and 275°C, respectively, on Ru substrates. The films were grown with different n cy to obtain similar thicknesses ͑19-22 nm͒. These rather thick films showed good crystallization behavior with anatase structure when T g was Ͼ250°C. When T g was 225°C a weak ͑101͒ anatase peak was observed and at 200°C no XRD peak from the TiO 2 was detected. Figures 8b and c show the cross-sectional HRTEM pictures of the TiO 2 films grown at 200 and 250°C, respectively, on a Ru substrate. Here, the samples in ͑b͒ and ͑c͒ were grown by 500 and 250 cycles, respectively, in order to have a similar film thickness ͑ϳ15 nm͒. It can be observed that the film grown at 250°C was fully crystallized, whereas the film grown at 200°C is composed of amorphous and poorly crystallized regions. Therefore, the absence of the XRD peak corresponding to TiO 2 in Fig. 8a for the case of the film grown at 200°C was due to the poorly crystallized structure of the film. It should be noted that the TiO 2 film growth at T g Ͻ 225°C did not show the growth rate change with n cy , as shown in Fig. 4 .
It is now more evident that the change in the growth rate with n cy for the cases of the film growth at T g Ͼ 250°C has a close relationship with the crystallization of the TiO 2 films. This is consistent with the report of Aarik et al. 14 However, it cannot be easily understood why the crystallization of the growing films increases the growth rate ͑in terms of the increased thickness per cycle͒ because crystalline films usually have a higher density than amorphous films. AFM analysis results, shown in Fig. 9 and 10, give some clues to this problem. Figure 9a shows the root-mean-squared ͑rms͒ surface roughness variations of the TiO 2 films as a function of n cy grown on Ru substrates at 200 and 250°C, respectively. The rms roughness abruptly increases at an n cy value which corresponds to t tr for the case of T g = 250°C, whereas it shows a constantly low value irrespective of n cy for the case of T g = 200°C. The AFM analysis also showed that the lateral grain size of the film abruptly increases at t tr for the case of T g = 250°C, but there was almost no change in the surface morphology for the case of T g = 200°C ͑AFM image not shown͒. Figure 9b shows the variation of the rms roughness of the TiO 2 films as a function of T g for the films with a thickness smaller and larger than t tr , respectively. These data again confirm that the occurrence of t tr is directly related to the change in the rms roughness of the TiO 2 films. The comparison between XRD, HRTEM, and AFM data indicates that the good crystallization of the TiO 2 films is accompanied by the abrupt increase in the rms roughness. It might be reasonable to assume that the increased specific surface area of the crystallized film increases the chemical adsorption of the precursors and increases the film growth rate. However, the 3-4 times larger growth rate of the crystallized film appears to be too large to be explained by the increased surface roughness. Therefore, it seems that the anatase phase grows more favorably than the amorphous phase by ALD mechanism, possibly due to the more favorable surface adsorption and catalyzed reaction by the crystallized surface. This could be a topic for the next study.
The film thickness-dependent crystallization behavior of thin oxide films also has been observed in the case of HfO 2 films grown by ALD. 18 However, the surface roughness of the HfO 2 films did not increase with crystallization of the films, and no change in the growth rate was observed with n cy . This may support the hypothesis that the roughened surface structure increased the ALD rate of the TiO 2 films.
Figures 10a-d show the AFM images of the approximately 20-nm-thick TiO 2 films on Ru substrates grown at a T g of 200, 225, 250, and 300°C, respectively. The film grown at a T g of 200°C shows no surface features, whereas the films grown at higher T g clearly show a polycrystalline grain morphology. The lateral grain size of the TiO 2 films decreases with increasing T g . This might be due to the increasing nucleation rate of the TiO 2 grains with the increasing T g . The change in the microstructure of the TiO 2 films has a certain relationship with the leakage current properties of the films.
Figures 11a-c show the AES depth profile results of the TiO 2 films grown on Si substrates at a T g of 200, 250, and 300°C, respectively. All the films were ϳ20 nm thick, which corresponds to a thickness Ͼt tr . The average carbon impurity concentrations in the film were 4.5, 2.5, and 3.2% at a T g of 200, 250, and 300°C, respectively. The carbon impurity concentration appears to have a close relationship with the leakage current as shown later.
The electrical properties of the TiO 2 films are shown in Fig. 12  and 14 . If there is any low dielectric interfacial layer between the TiO 2 film and the electrode, the dielectric constant measured from a single capacitor must be smaller than the bulk r value. 19 Therefore, the bulk k value of the TiO 2 films was estimated as shown in Fig. 12 . Figure 12 shows the variation in t oxeq of the capacitors as a function of the TiO 2 film thickness where the TiO 2 films were grown at 250°C and not postannealed. The inverse of the slope multiplied by 3.9 corresponds to the bulk k value of the TiO 2 films. The calculated k was approximately 37, which coincides well with the k of ceramic TiO 2 material having anatase structure. 20, 21 Postannealing of the TiO 2 films was performed at 500, 600, and 700°C under N 2 atmosphere for 30 min in order to test the thermal stability of the TiO 2 films. Here, the N 2 atmosphere, rather than the O 2 atmosphere, was adopted considering the integrated capacitor structure in the DRAM. The MIM capacitor must be connected to the drain region of the select transistor through a conducting plug which can be easily oxidized by the capacitor fabrication process. 22 The k of the films was almost constant up to the annealing temperature of 600°C, and the capacitors broke down after postannealing at 700°C due to an excessive leakage current. XRD data of the postannealed films, shown in Fig. 13 , show that the film did not change its structure to rutile phase even after the postannealing at 700°C. This coincides with the almost nonvarying k of the films during postannealing. An interesting result was that the measured k from a single capacitor was almost identical to the bulk value, suggesting that there was no low dielectric layer at the TiO 2 film/electrode interface.
However, k of the TiO 2 films shows a rather large dependence on the deposition temperature. Figure 14a shows the variation in k of the films as a function of T g . The film thicknesses were 14-17 nm and the films were postannealed at 400°C. The mixed amorphous/ nanocrystalline structure of the film grown at 200°C showed a relatively low k ͑ϳ28͒ compared to the values of k of the films grown at T g Ͼ 250°C ͑ϳ33͒. Although the TiO 2 films showed a rather constant k value when they were grown at T g ranging from 250 to 300°C, the leakage current shows a large difference. Figure  14b shows the leakage current vs voltage ͑J-V͒ plots of the 14-17 nm thick films grown at a T g of 200, 250, and 275°C, respectively. The films were postannealed at 500°C. The film grown at 275°C shows the best J-V characteristics. This might be due to the smallest carbon impurity concentration and better structural stability of the film. It has been reported that the TiO 2 -based dielectric films with stable columnar microstructure did not show any structural change during postannealing so that the low leakage current was obtained. 23 However, the amorphous film grown at the lower temperature showed a serious structural change by crystallization which is usually accompanied by microcracking or void formation due to densification during postannealing. 21 Therefore, it is believed that the growth of TiO 2 films by ALD has to be performed at a T g as high as possible in the ALD process window to confirm a good process stability and step coverage and obtain good leakage characteristics, although the dielectric properties were not crucially influenced. A leakage current density of 5 ϫ 10 −6 A/cm 2 at 1 V was obtained from the 16-nm-thick TiO 2 film grown at 275°C and postannealed at 500°C that revealed a t oxeq of 1.7 nm. For DRAMs with the design rule of ϳ50 nm, a t oxeq Ӷ 1.0 nm and a leakage current density Ͻ10 −7 A/cm 2 at operation voltage ͑Ͻ1 V͒ are required. Therefore, further improvements in the dielectric performance should be made by doping with a certain cation or adopting stronger oxidant such as O 3 . Furthermore, a thickness of 14 nm is Ͼt tr so that the surface roughness of the film was quite large, which also contributed to the high leakage current. Because there is a high probability for the presence of weak spots for thinner films over the extreme threedimensional structure of DRAM capacitors, a rather thick ͑Ͻ10 nm͒ dielectric film should be used. Therefore, process improvement that results in the fabrication of films with a smooth surface even at a film thickness Ͼt tr is required.
Conclusion
TiO 2 thin films were deposited by an ALD process on Ru and Si substrates at growth temperatures ranging from 200 to 300°C using TTIP and H 2 O as metal precursor and oxygen source, respectively. The film growth rate was slightly larger on a Si substrate than that on a Ru substrate, and increases with increasing growth temperature. The TiO 2 film growth on a Ru substrate showed a rather long incubation period and the incubation period decreased with increasing TTIP pulse time. The saturated film growth rate on Ru and Si substrates was 0.034 and 0.046 nm/cycle, respectively, at 250°C.
When the films were grown at temperatures Ͻ225°C, they had a mostly amorphous/nanocrystalline structure and no structural change was observed up to a film thickness of 20 nm. However, the films grown at temperatures Ͼ250°C showed a well-crystallized polycrystalline anatase structure when the thickness was Ͼ7-8 nm, whereas the films thinner than that showed an amorphous/ nanocrystalline structure. These structural changes with increasing film thickness were accompanied by an abrupt increase in the surface roughness of the TiO 2 film that resulted in a 3-4 times higher growth rate.
In the MIM capacitor structure the TiO 2 films grown at temperatures Ͼ250°C showed a dielectric constant of ϳ35 due to their anatase crystal structure. A 14-nm-thick TiO 2 film showed a t oxeq of 1.7 nm and a leakage current density of 5 ϫ 10 −6 A/cm 2 at 1 V.
